Lack of control on the chirality or diameter of single-wall carbon nanotubes (SWCNTs) during synthesis is a major impediment in the path of their widespread commercialization. We 
Introduction
Chirality of a single wall carbon nanotube (SWCNT) depends upon its diameter and orientation of the graphene sheet, which when rolled up would produce the tube under consideration. Most physical properties of a SWCNT depend on its chirality. Current synthesis techniques produce tubes with a wide range of diameters. However, in most applications one would prefer tubes with a narrow diameter distribution in order to get controllable and predictable outcomes from the experiments or devices. An ensemble of SWCNTs with random diameter distribution will in general have one third metallic and two third semiconducting tubes. But there are several applications that require the tubes to be either semiconducting (e.g. field effect transistors) or metallic (e.g. interconnects in integrated circuits). Widespread applications of SWCNTs have been limited due to the unavailability of structurally homogeneous tubes [1] . Some attempts have been made to selectively grow SWCNTs with a controlled diameter and/or chirality [2] [3] [4] [5] [6] [7] [8] [9] .
Generally these are cumbersome and have limited success or applicability. However these are important steps towards achieving chiral-selective growth in the future. To circumvent the problem of controlled synthesis many have focused on techniques aimed at sorting nanotubes according to diameter or selectively removing nanotubes of one type while preserving the other.
These involve methods like density gradient based centrifugation [10] , physicochemical modification [11] , selective elimination by electrical breakdown [12] , gas-phase plasma etching [13] , microwave irradiation [14] , etc. [1, 15] . These methods too have several disadvantages like low yield, damage to the crystallinity of nanotubes, requirement of further purification steps to remove the materials added, low repeatability, etc. Moreover it is always preferable and economical to have more control at the growth stage itself.
Chemical vapor deposition (CVD) is by far the most popular commercial and laboratory method to synthesize carbon nanotubes (CNTs). It has several advantages like ease of scaling up, low impurity levels, high yield, and better growth control [16] . It involves the catalytic decomposition of hydrocarbons or carbon monoxide on nanoparticles of transition metals or their oxides (Fe, Co, Ni) [17] [18] [19] [20] [21] [22] [23] . In this article we demonstrate significant control on the diameter of SWCNTs synthesized using this ubiquitous technique and a simple catalyst preparation method.
One of the key aspects of SWCNT synthesis is to tailor the starting material so that the catalyst particles retain a small size. Thus a supporting material is generally added to the catalyst to control the particle size. The choice of the supporting material has been found to influence the dispersion of the transition metal particles and hence the CNT productivity. Improvement in the quality and quantity of the grown SWCNTs is possible by the use of catalyst promoters like Mo [18, 20, 24] . In our experiments we have used oxides of Fe and Co as catalyst and Mo as the promoter; all finely dispersed in a matrix of MgO. The catalyst was prepared by the combustion method [17, 19, 25] . Methane and hydrogen are used as the precursor gases. We have used these nanotubes to successfully prepare several kinds of devices [26] [27] [28] . Low frequency resonance Raman scattering spectra or the radial breathing modes (RBMs) and the Kataura plot were used to investigate the structural property of the SWCNTs. By adjusting the concentration of the active material (Fe or Co) in the catalyst we were able to restrict the diameter spread of the tubes to a certain extent and also to optimize the crystallinity and purity of SWCNTs. The strong dependence of the diameter spread on the concentration of catalyst suggests that the concentration controls the size of the catalyst particles formed during the CVD process. The results are promising and further studies can lead to more control on chirality.
Experiments and Methods

Catalyst preparation:
MgO supported Fe-Mo (or Co-Mo) bimetallic catalyst was prepared by mixing ferric nitrate nonahydrate (or cobalt(II) acetate tetrahydrate), ammonium heptamolybdate tetrahydrate, magnesium nitrate hexahydrate and citric acid (C 6 H 8 O 7 ) in appropriate ratios. The catalyst mixture was ground and mixed in a mortar for 1.5 hrs so as to obtain a fine, uniform powder. The mixture was taken in a quartz boat and heated in an open furnace maintained at a temperature of about 620 0 C for 10 minutes. The mixture was cooled and ground again. The resultant powder is a solid solution of Fe and Mo (or Co and Mo) oxides in MgO grains. The X-ray diffraction pattern has been shown in the supporting information (figure S1).
SWCNT synthesis:
A small amount of the catalyst (about 0.8 g) was spread out in a quartz boat and transferred to a furnace. H 2 gas was used to generate an inert atmosphere. [32, 33, 36] . For consistency the width was kept the same for all the samples and across all the laser energies. In general there is some variation among the spectra taken at different spots of the same sample. Hence the spectra obtained at 6-9 different spots were normalized and an average of these was used for fitting. In some cases a small linear baseline correction was required before averaging.
Kataura plot:
The electronic transitions in CNT occur between the two Van Hove singularities that are on the , where (n,m) is the chiral index of the nanotube. A value of 2.9 eV has been used for the interaction energy γ 0 in this article [38] [39] [40] .
Raman spectrum of SWCNTs is a resonance effect originating from those tubes that have an E ii ~ the laser energy. From the RBM frequencies we can figure out the diameters and using the additional information of the transition energy we can find out the most probable chiralities of the nanotubes from the Kataura plot (the process is illustrated in the supporting information, figure S2 ). The resonance windows for energy (ΔE) and diameter (Δd) have been kept 0.2 eV and 0.02 nm, respectively. Similar values have been suggested in earlier studies [34, 36] . This choice of resonance window imparted a self-consistency to the whole analysis, so that there was at least one tube that matched all the 69 RBM peaks observed in the Raman spectra of all the different samples. The choice of Δd also restricted the maximum number of chirality matches to three. It is also of the same order as the maximum difference between the diameter values predicted by different RBM versus diameter relations reported in literature (these are given in table S1 and plotted in figure S3 of the supporting information). Remarkably a common set of tubes, with some exceptions, could fit the RBM spectra of all the different samples.
It must also be noted that the analysis technique used here is an approximate method. Several 
Results and Discussions
The different compositions of the catalysts used have been enumerated in table 1. It should be noted that the same acronyms have been used to refer to both the catalysts and the corresponding SWCNT samples obtained from them. Since Mo promotes the activity of the main catalyst i.e. Fe or Co, its concentration w.r.t. the latter has been kept fixed. 
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The most intense peak in the 514.5 nm RBM spectrum for Co6 is at 188 cm -1 (or 1.31 nm) and it alone contains 31% of the total area of the spectrum. The peaks in the range 188-154 cm -1 , i.e.
1.31-1.65 nm cover more than 50% of the total area. While in Co1 sample this range cover only 31% of the area and instead of a single dominant peak there are multiple high intensity peaks each containing around 10% area. Similarly in Fe5 the 188 cm -1 peak covers 34% area and the previously mentioned range accounts for 55% area, whereas in Fe1 the range only covers 35%. The G bands (~ 1580 cm -1 ) in the Raman spectra of the SWCNTs did not provide any useful information. In SWCNTs the G band has multiple peaks with G − and G + being the most prominent ones. We found that three peaks were sufficient to fit the G bands (please see figure   S4 in supporting information). The G − peak depends on the diameter as well as on the conducting nature of the tubes. However, unlike the RBMs, the diameter dependence is very mild [29, 33] and in the presence of several resonating tubes with similar diameters, all one can observe is a broad G − peak.
Some typical TEM images of the samples have been shown in figure 7 . We found it rather difficult to obtain high magnification images of SWCNTs, even in a high resolution TEM. The Another important factor that was considered while adjudicating the quality of the samples is the amount of carbon based impurities present in the samples, other than the SWCNTs. These include amorphous carbon, onion like multilayer graphitic shells with or without a catalyst nanoparticle enclosed in them, multi-wall nanotubes mostly with deformed bamboo like shape, etc. TEM images of theses impurities have been shown in the supporting information ( figure S6 ).
These are extremely difficult to remove and a major hurdle in any application of the nanotubes.
Hence, although Co1 and Fe1 have very high yields with tolerable I D /I G ratios, the high levels of carbon impurities make their use in several applications impractical. This impurities result due to the formation of bigger catalyst nanoparticles when the concentration is high. Tang, et al had also observed that increase in the amount of Co in the catalyst can lead to an increase in relative population of multi-walled carbon nanotubes [20] .
Conclusion
We were able to reduce the diameter spread of SWCNTs synthesized using ordinary CVD process, by reducing the concentration of the active bi-metal catalyst in MgO support. 
